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PREFACE

In Civil Works engineering des.gn studies cons'deration is ai'ays

given to the possible, undesirable effects of the thermal gradienl; which

may develop in mass-concrete structures during construction. Pac, taph

5-03 of EM IIIC-2-2000, Standard Practice for Concrete, includes r~ference

"to two analytical methods, the Carlson method and the Schmidt method which

Smay be used to compute temperature changes in concrete.

The investigation leading to the preparation of the comput-r program

described in this report was authorized by letter from the Office, Chief of

Engineers, dated 21 March 1958, subject "FY 1958 Civil Works Investiga-

tions - Assignment of CW Item 9C6." The work was accomplished as a joint

project of the Concrete Division, under the suFervis'on of Messrs. Thcmas B.

Kennedy, Bryant Mather, and E. E. McCoy, and the Technical Services Divi-

sion, under the supervision of Messrs. C. B. Patterson and D. L., Neumann.

This report was prepared by Messrs. McCoy and Neumann. Pvt. Stephen W.

Closs, Jr., assisted during the developmental stages of this work and

provided seTeral routines which are included in the final program.

Col. Enmund H. Lan;,, CE. was Director of the Waterwa.ys Experiment Sta-

tion during this investigation and preparation of this report. M,. J. B.

Tifi'any was Technical Director.
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It

SUNIVARY

A computer program for the computation oý the unsteady state temper-
atures that develop during the construction of ,', concrete dam in layers
(lifts) is described. Information pertainiilg tc the following ambient and
structural conditions and thermal properties is necessary for a computa-
tiora: ambient air temperature and foundation teml-eiature, concrete tcmrer-
ature at time of placement, lift thicKness, number of days between lifts,

and adiabatu Lemperature rise and thermal diffusivity of the concrete.
The computation may be continued for fifty lifts.

The computation ic based on a numerical procedurc fer the solution
of the heat flow equation for one dimension. The space ½terval is one-
quarter thickness oi a lift, and the time interval is onc-qaarter day.
The Drogram is written for the basic IBM-65C computer witn . 2,CC-word
drum.

Examples are gi-en to illustrate the types of problems for which the
;irogram is suitable. In one example the ma,'dmrm temperature for 5-day
Placement of lifts was 6 degrades less than that for 3-day placement, and
the waximum temperature for 7-day placement was 5 degrees less than that
for 5-day placemert. in another exampLe a&he advantage of use of re-
frigerated concrete is illustrtted. The maxinmum temrpraturo computed in
this example was only 4 degre(s higher than the initial fourdation
temperature.

Preceding page bilank



AN IBM-650 PROGRAM FOR THE COMPUTATION OF THERMAL GRADIENTS

IN MASS CONCRETE STRUCTURES

PART I: INTRODUCTION

The Problem

1. Extensive studies of the effects of temperature changes in a dam

have seldom been undertaken because to compute the temperatures manually

entails so much labor, and the chance of error is so great, that a thorough

study by manual computation is impracticable. Also, since -omparative data

are desired from such studies, it is advantageous to investigate as many

conditions as may have an important effect on the temperatures in a dam,

but the work is multiplied by each set of conditions that is investigated.

Although the problem of adverse thermal behavior has increased over the

past two or three decades, principally because of increased sizes of dams,

a thorough study of all the important placement conditions which could af-

fect the temperatures in a dam has never been made for even a single proj-

ect. In contrast, on completion of developmenL of the computer program

described herein it; was possible to undertake studies for a dam5 involving

16 different combinations of concrete-placement scheduling, climatological

factors, placement temperature of the concrete, and heat liberation of dif-

ferent types of cement, at a cost estimated to be less than one-tenth that

of a manual computation.

Theory and Method

2. The computation of in.steady state temperatures in a dam is most

conveniently resolved into the problem of computing temperatures at a suf-

ficiently large number of poiits and at sufficiently rapid intervals to

yield the desired accuracy. Any mcethod of computing the temperatur-e at a

point in a solid material or, better, the average temperature of a small

unit vollme inclosing the point, must take into consideration inflow of

* Raised iumbers refer to References at the end of this report.



2

heat to the point, outflow of heat from the point, and the net generation

of heat due to chemical or physical processes active in the material at the

point. Two methods have been extensively used during the past three

decades for the computation of temperatures in a structure. They are the
4

Schmidt metho L, which has been widely applied to problems involving vari-
1

ous structiures and shapes, and the Carlson method, which was developed

specifically for concrete walls and dams. The latter method was used for

the program describe,! in this report. This method is "essentially a step-

by-step integration,"3 or convenient "step method"'2 for the numerical

solution of the heat-flow equation for one dimension with added term for

heat generation within the concrete. Analyses in one, two, or three

dimensions can be made,* although the procedure for only one dimension is

given in the paper by Carlson.

3. The temperatures of primary interest in a dam are in the lower

lifts. Because of the thickness of the dam at the elevations of these

lifts, temperatures in them can be effectively controlled by variation of

construction practices. Since the thick lifts are relatively self-

insulated, lateral heat flow may be considered negligible, and a one-

dimension analysis is, therefore, sufficient. The Carlson method for one

d.mension (the vertical), exactly as described in reference 1, was uged in

the development of the computer program.

ThermEl Properties of Concrete and Other Required Data

4. Computer personnel must be fu~rnizhed the necessary information

pertaining to each computation. This information is normally specified by

or supplied by an engineer who is familiar with construction practices and

with the determination cof thermal properties of concretp. The following

conditions define a problem:

a. Ambient teiaperature. A different value of ambient air tm-
perature Ta may be given for each period of time between
lifts (see d on the following page) but not for a shorter

Si period of time. A constant value may be used throughout.

- Sae rf'eren.,'e i, uuthor's C-''Osure.
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b. Concrete temperature. The temperature of the concrete Tc
at the time of placement must be given. It may be any value
either colder or warmer or equal to the ambient air
temperature.

c. Lift thickness. The program can handle any reasonable lift
thickness (IX); however, the thickness must be held con-
stant throughout a computation. The lift thickness deter-
mines the computationa. space interval (X) which is one-
quarter of a lift thickness for a given computation.

d,, Period of time betwcen lifts. The nuiaber of days (in whole
days) between lift,; must be given. The number may be varied
to allow for "irregular" placement scheduling, or may be
constant. In either case the schedule should represent in-
sofar as possible a realistic placing schedule. (The time
interval T used by the computer is the quarter-day and is
not affected by the time interval between lifts; but the
Dumber of quarter-days M is four times the number of days
between lifts. M should be furnished computer personnel.)

e-. Adiabatic temperature rise. Adiabatic temperature rise data
AO are obtained in advance and preferably from laboratory
tests of the concrete mixture to be used for the specific
job, but may be calculated from a knowledge of heat of hy-
dration of the cement, and quantities and thermal properties
of the constituents of the concrete. A separate value is
needed for each quarter-day. The computer program provides
for 30 days (120 quarter-days) of temperature-rise data. The
increment for each quarter-day (AO) rather than the cumula-
tive rise at the end of each quarter-day is needed.

f. Thermal diffusivity. The value .f the thermal diffusivity a
is determined from laboratory tests of the concrete, and is
assumed to be the same for the rock foundation.

E. Foundation temperature. The foundation-rock temperature (TR)
must be specified, but may be assmied to be equal to the
air temperature of the first ambient period.

5. The space interval X , the time interval T , and the thermal

difffusivity a are combined into the single dimensionless constant S

for use by the computer. Units must be commensurate J! the relation of

these variables, given by the formula S = X 2/((T). This quantity (S), and

not its components, should be furnished computer personnel. Since T has

only one value (0.25 day), S = 4X2/a . Though not likely to occur so in the

computation for a dam, S must not be less than unity. The iA8 data are

given in a manner similar to the following, but more conveniently in tabu-
lar form: 1st quarter-day, 6.2 F; 2d quarter-day, 8.5 F; 3d quarter-day,

4.5 F; 4th quarter-Aay, 3J, T";...4 119th quarter-day, 0.1 F; 120th
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quarter-day, 0.0 F. Data for less than 120 quarter-days may be given,

in which case zercs are used by the compuý_r for the remaining periods.

6. The data required for computer solution of a problem (see para-

graph 5 with regard to S) are, therefore, in sumiary:

a. Ambient (air) temperature (Ta), to hundredths of a degree F.

b. Concrete temperature (T c), to hundredths of a degree F.

Sc. Lift thickness (4X), feet to hundredths.

d. Period of time between placement of lifts (M/4), days.

e. Adiabatic temperature rise (AG), to tenths.

f. Thermal diffusivity (a), square feet per day.

g. Foundation-rock temperature (TR), to hundredths of a degree F.

Accuracy to hundredths is not required, though all data may be submitted to

the accuracy shown above. Computations within the computer are performed

to thousandths, to prevent cuaulative error which might occur in isolated

phases of the computations, but the compater rounds to tenths before print-

ing computed temperature.
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PART II: COMPUTER PROGRAM

7. The purpose of the program is to compute temperatures that are

expected to be present in a dam during construction for each set of given

conditions, and thus to provide a means of investigating, prior to con-

struction, the possible effects of various construction practices on

temperature. Temperatures are important because of' stresses associated

with steep temperature gradients.

The Problem and Method of Solution

8. The problem was to write a program for solution of the heat

conduction equation for one dimension modified by the additicn of a

term for heat generation caused by chemical action of the cement dLring

hydration. As mentioned earlier, the analysis of the problem and method

of solution were described by Carlson,1 and will not be discussed

further herein. Parameters are fully discussed in Part I and again

with illustrations of their use in Part III, where the accuracy of the

method also is discussed.

Description of Equipment

9. The program is written for a basic IBM-650 computer and utilizes

a standard .tility (8-word) IBM-533 panel. It is computer-optimized

by the Symbolic Optimim Assembly Program (SOAP) and operates in fixed

point.

Input-Output Data Format

10. •e format for the input data and of the ou;ut (answer) list-

ing is detaiied below, and the specific card form layout is given in the

8-word rai-d fo',m, fig. I.



Input Data Format

Setup Card (One Card) Word 1 - Indent - This word may contain any numeric informa-

tion Cor identification.

Word 2 -R - Temperature of the foundation rock is given.

Word 3 - S - The value of "S" is computed from X2/(aT) and
given herein.

Word 4 - This word gives the value of M when the con-
crete placing schedule is constant. "M" is the
number of quarter-day intervals between lifts. If
the placing schedule is variable place zeros in
this word.

6A Table (1-120 Card) Words
1, 7,
and 8 - LO table routine (same for all cards).

Word 3 - Quarter-day.

Word 4 - Heat rise value AO at this time.

Lift Cards (1-50 Card) Word 1 - "This lift number" may vary from one to fifty, and

is the identification for each lift to be placed.

Word 2 - Placing temperature of the concrete for thi., lift.

Word 3 - Air temperature for the period of exposure of

this lift.

Word 4 - "M" value when the placement schedule is :arng.
Word 4 of setup card must be zeros. For constant

placement leave this word blank, that Is, when
word 4 of setup card has "M" value in it.

Output Data Format

Identification Card Word 1 - The identification word of the input data is given
herein.

Word 8 - This card is identified for sorting with a zero in
column 80.

4 Detail Temperature Card Word 1 - The number of the top lift in lacc.

Word 2 - The number of thic lift for which the following
temperstures are given.

Word 3 - Temperature in upper quarter of lift at this time.

Word 4 - Temperature of middle of lift at this time.

Word 5 - Temperature uf lower quarter of lift at this time.

Word 6 - Temperature at bottom )f lift at this time.

Word 7 - Time of placement of this lift in days (quarter-
day Lncrements).

Word 8 - This card is identified for sorting witn a 1 in
column 80. Columns 71-75 heve a card count.

SAimum Temperature Card Word i - "Thi lift number" in which maximum temperature oc-
(One card punched each cvrred during the quarter-day interval.
time the maximum tempera- Word 2 - Time, in days, at which maximum temp :stiu-e
ture computed in the
quarter-day interval
exceeds the previous Word 3 - The maximum temperature that occur'red at this
maximxum.) time and lift.

Word 8 - This .. i identified for sorting with a 4 in
column U.
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Operating Instructions

11. Operating instructions for the program art: -'rtlined below:

Program: THERMAL GRADIENTS IN MABS CONCRETE STRUCTURES - 1036D

IBM-76_O Console

Storage entry 70 1951 3000(+) (normal)
70 1951 990n(-) (alternate punch)

Programmed Stop

Control Run

Display Program Register

Overflow Stop

Error Stop

Card Input to IBM-533

Program deck (7 per card)

Transfer card to 0200

Setup data card (1 card)

Ae Table (1-120 cards)

Transfer card to 0201

Lift data cards (1-50 cards)

Start Procedure

New Problem - oad. program deck

Trouble stop - Check for error stop number in instruction address of
program register and compare this number against list-
ing of error stops for cause and remedial action
(page 9).

IBM-533 Control Panel - Steandard UTtility (8-word)

Tabulating machina control panel - Standard Utility (8-word)

Special operating instructions - Sort output cards on column 81, list 0,
1 and 4 pocket3 3eparately.
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Error stops

Instruc-
Error tion

No. Address Cause Action

ERR 0 9000 Transfer to location 0000. Operator reload program
Possible only with improper deck, if same stop per-
program modification or fail- sists dUnp drum and return
ure of 650 to read program to programmer for action
card.

ERR 1 9001 M is not defined. Check Return to initiating of-
setup card or lift card. fice for correction.

ERR 2 9002 Address of T4 exceeds storage Dump drum and return to
in rock. Heat flows into programmer for action.
rock to a depth equal 50
lifts of dam height.

ERR 3 9003 TLN exc-eds TOPL. Possible Dump drum and return to
only with machine error or programmer for action.
improper program modifica-
tion

ERR 4 9004 I exceeds M. Possible only Dump drum and return to
with machine error or im- pogrammer for action.

proper progr=m modification.
ERR5 9005 First lift card read by pro- Operator check sequence of

gram is not first lift card. lift cards. Place cards
in proper sequenrce and.
transfer to 0259 for Read.

ERR 6 9006 Console switches improperly Operator check for sign
set up for alternate punch equal minus and switches
routine. equal 1 70 1951 990(n).

FMR 7 9007 Lift card read is not proper Operator check sequence of
card to be read. lift cards. Reset loca-

tion 0204 with value equal
to next lift card to be
read minus one and trans-
fer to 0639 for Read.

ERR 8 9008 T1 address not equal to top Dimp drum and return to
lift address. Possible only p,'ogrammer for action.
with machine error or im-
proper program modification.

ERR 9 9009 L address not equal to lowest Dump drum and return to
lift address. Possible only programmer for action.
with machine error or im-
proper program modification.

Note: Un.ess progrem has been modified, error stops 3, 4, 8, and 9 are not
likely to occur.
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Flow Diagram

12. The flow diagram .or the program is shown in fig. 2. Modifica-

tions of the program to compute slightly different problems from those

discussed will require use and understanding of the flow diagram.

Alternate punch routine

13. The program with normal storage entry switch settings 70 1951

3000+ will punch one detailed temperature card for each lift at each time

ixnterval. The number of output cards is then approximately equal to but

slightly greater than that computed from the formula:

S (N +1)

JWhere N and M are the maximum number of lifts to be computed and the

number of quarter-days betveen lifts, respectively.

14. The number of output cards punched may be selectively reduced

by using the alternate punch routine with storage entry switch settings of

70 1951 990(n) (-). The program will then punch ell maximum temperature

cards, but only the selected detail temperature cards for each quarter-day

r• computation. (n) in the switch settings indicates the number of intervals

(quarter-days) for which detail temperature cards are to be punched; all

intervals between these will not be punched. An example of this is given

below:

Placing schedule (constant) M = 36 quarter-days between lifts
(9 days).

Alternate punch routine in use with (n) set equal to 8, storage
entry switch 70 1951 9908(-)

Answer cards punched out
1. Maximum temperature cards are given for all quarter-day

timc interval computations as they occur even though the
detail temperature cards are not punched for that interval.

2. Detail temperature cards are given for the 1st, 9th, 17th,
25th, and 33d quarter-days or the 1st, 3d, 5th, 7th, and
9th days between each lift placement.

Computing time

15. The computing time of a problei: is a function of the number of

lifts to bI Computed and the number of days or quarter-days between lifts

/~
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and is also affected by the use of the alternate punch routine which re-

duces the computing time slightly. From the nature of the program no

simple equation for calculating computing time can be given; however,

running time will normally vary between 2 and 4 hours. Problems 2 and 3

of the Greers Ferry Dam Report5 required 3.2 and 2.8 hours, respectively.

Other routines

16. A Trace routine (311 TR) and a Qeven-Per-Card-Punch routine

(315 P7) are included in the program for use in program modification,

checking trouble stops, and computing long problems in parts. Reference

is made to IBM Library File Nos. 1.4.001 and 1.2.002, respectively, for

instructions in the use of these routines.

V-

\ ,

0
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PART III: EXAMPLES

Check Problem

17. A computation of temperatures in concrete placect in layers, with

coacrete placement temperature equal to the ambient temperature, was made,

first for a given number of days between lifts (3 days), and then for two
alternate placement schedules. The number of days between placement of

lifts, constant for each computation, was the only placement condition that

was varied between computations. The problem was completely defined by the

following irformation (temperatures were shifted to zero for c~nvenience).
Ambient temperature: 0 deg F.

Concrete temperatur.e: 0 deg F.

Foundation-rock temperature: 0 deg F.

Lift thickness: 5 ft (hence 1.25-ft space intervals in the
computation).

Time between placement of lifts: 3 days, 5 days, and 7 days.

Thermal diffusivity: 1.00 sq ft per day.

Adiabatic temperature rise:

Quarter-Das 60

1 6.2
2 8.5
3 4.5
4 3.4

119 0.1

120 0.0

The proper entry of these data on WES Form No. 1053 is shown in fig. 3.

18. During a computation, temperatures are printed for quarter-day

intervals and for three positions in a lift and at the boundaries of lilts.

The listing for the 168th quarter-day time interval of the calculation for

3-day placement is shown in table 1. This time interval corresponds to 42

days and 14 lifts. The temper".tures are shown plotted in fig. 4 (page 18),

where al]so are plotted similar data for 5-day and 7-day placement.
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Table 1

Computed Temperatures
LitT1 T2 T3 TTOPL No. 1 2 3_ Time

14 14 17.2 26.8 30.3 30.1 42.00

14 13 30.0 31.8 34.0 35.5 42.00

14 12 36.4 37.4 38.3 39.0 42.00

14 11 39.6 40.4 41.1 41.7 42.00

14 I0 42.3 42.8 43.4 44.0 42.00

14 9 44.5 45.0 45.4 45.5 42.00

14 8 45.5 45.7 45.8 45.8 42.00

14 7 45.8 45.8 45.8 45.8 42.00

14 6 45.8 45.7 45.7 45.7 42.00

14 5 45.7 45.6 45.5 45.3 42.00

14 4 45.1 44.8 44.4 43.9 42.00

14 3 43.3 42.4 41.4 40.2 42.00

S14 2 38.7 37.0 35.1 33.0 42.00

14 1 30.7 28.2 25.6 23.0 42.00

14 -- 20.4 17.8 15.3 13.0 42.0

14 IM 10.9 9.0 7.3 5.8 42.00

14 24 4.5 3.5 2.6 1.9 42.00

14 3M 1.4 1.0 0.7 0.4 42.00

14 4M 0.3 0.1 0.1 ---- 42.00

Note: TOPL is the number of the most recently placed lift of concrete.
T1 is !/4-, T2 is 1/2-, T3 is 3/4-lift thickness from the top of a
given lift, and T4 is at the lower interfaze. Time is in days.
Decimals (as above) are not actually shown in a computer listing.
The data shown above correspond to those of the 3-day curve in
fig. 4. The computer program output provides a complete tempera-
ture history, illustrated by the above data for one time interval,
and a separate listing of maximum temperatures. For a complete
interpretation of output listings, see reference 5.
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THERMAL GRADIENTS IN MASS CONCRETE (1036D) V;-,

DATA CARD FORM

7The o/27 P es rch and F//l/d Problem Date
Submitted by 01'ill ecl2 No. 3 uy 9

Program constants

Lift thickness (4X) S.C ft Space interval (X),

Thermal diffusivity (a) 1.00 ft /day 1/4 Lift thickness = 2. 250 ft

s 4x4/a 19-290o

SETUP CARD

"" Project Identification T S M
"1 10 17 R 20 25 30 39 40

SXX.XX XX.XXXX XX.

Check Pro/,/em 001036 0003 000____O 1x.
0000 9600 12

LIFT DATA CARDS

Lift Tc Ta M Lft. T, Ta M Lf Ft Tc Ta M
9-10 17 20 27 30 39 40 9-10 17 20 27 30 39 40 -10 17 20 27 3039 40

YOC.XX XX.XX XX.

01 0000 0000 20 39 ____

02 0000 0000 21 4o :3

03 0000 0000 22 41 _ _ _

r•04(C/c.) 0000 23 42 ___

05 24 __ ___43____ __

06 25 _44 _-

07 26 45 __

08 27 46

09 28 47 ,_

10 29 48

11 30 1 49

12 31 50 __

13 32 Key punch operator fill
unused columns of words14 331 - -4 with zeros for

15 34 standard 8-word format.

16 12 punch columns 10, 20,
16_ __30, and 40.

18 37
. 19 38

WES Form No.
Revised Nov 1959 103

-Fi'. 3



HEAT RISE TABLE

Type Cement Type Hf, 4 hcg.r/c U. go'
&e Ae Ae Aei Ae A

23 26 37 140 23 26 40232637 402326377 4o03437 40 37 40 37 4o

XXX.X

0001 0062 0021 0041 0061 008:L 010]

0002 0085 0022 oo42 0o62 0082 0102

0003 00145 0023 0043 0063 0083 0103

0004 00-3 0024 0044 0o64 0084 oio4

0005 (kIc.) 0025 0045 0065 0085 0105

0006 0026 0046 OO66 OO86 0106

0007 0027 0047 OO67 10087 0107

0008 0028 0o48 0068 0088 0108

000,oo9 0029 0049 0069 0089 o0109

0o010 0030 0050 0070 0090 0110

0011 O _l0031 0051 0071 0091 0111

0012 0032 0052 0072 0092 0112

0013 0033 0053 0073 0093 0113

oo0014 0034 0054 0074 0094 0134

001 35 005L 0075 0095 01

0016 0036 0056 0076 0096 011 ,

0017 0037 0057 0077 0097 O.0.17

0o18 0038 0058 10078 o098 __o 0118

0019 0039 0059 _ 0079 0099 0119 i )0/

0020 oo4o6 1000 80 o0oo 012o 1 /00

Key punch operator
Use load card format below for each card of heat rise table above.

Word 1 Word 3 Word 4 Word 7 Word 8
•,•+ + + +I+

60 1954 1957 20 XXXX Woo 00 O0000 XRX 1N 0202 1958 31 0002 1,)3

Words 2, 5, and 6 may be blank

f ~~3 (>vŽed)
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I I m I i
ADIABATIC TEMPERATURE FISE. 57.2 DEGRlEES

_ - - SPACE INTERVAL.I.2S FT; S-FT LIFTS

_____TIMEUINTERVA.I 0.25 DAY
DIFFUSIVITY:I.00 SQ FT PER DAY

45 8 AT 42 DAYS

40.0 AT 6SDAYS"
1 -S._ /, I I

40 POIN•T

7 DAY S2 AT 84DAYS~

20

I-I

U FTNUBE

/ NOTE' THE AMBIENT CONDITION WAS SHIFTEDO TO ZERO IN THIS PROBLEM FOR CONVEN-

PLOTTED.THEePROGRAM SEARCHESonfO tMpeatIuMe TEPRTrie IN onLYrTHE

nNCE THE CURVES COMPARE PLACEMENT AT 3-DAY , S-DAY. AND 7-DAY INTER-VALS THE ADIABATIC TEMPERATURE RISE USED IN TAE COMPUTATIONS IS ALSO

FOURTH TEuMPERATURE POSITIONS IN THE CON CRE TE AS SHOWN. NSLIGHTLY
HIGHER TEMPERATURE MAY OCCASIONALLY BE DETECTED IN ADJACENT _

10 -- - POSIT1IONS. -~ _

CONCRETE I
0_____ 11

0 W 2 3 4 5 6 7 e pe9 a 0 1r 12 13 IF
* LIFTNUMBER

Fig. 4. Electronic computation of temperature rise of concrete
placed. in layers

A Construction Problem

19. Another reproduction of Form e 053, fig. 5, shows similar data
5

for an actual problem for a construction project. The ambient tempera-
tures shown were taken frorr a curve that was based on data obtained from

Weathfe-r Bureau records. The concrete placement temperature (T ) vas 50 F
c

for this problem. The results uf this computation are shown plotted if

fig. 6. Since the maximum temperature obtained was only 4 F above the

foundation temperature, even though placemient of concrete continued at

9-day intervals throughout the summer, the advantage of placement at re-
7,-

duced temiperature (refrigerated concrete) is well illustrated. This
problem, is one of 16 such problems, representing 16 combinations of am-

bient iw.,.ditions, construction practices, cement type, and thermal proper-

ties cif .'oncrete wnich were investigated to determine the influence of

Týhese combinations of variables or of' the separate variables on the
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THERMAL GRADIENTS IN MASS CONCRETE (1O36D)
DATk CARD FORM

Thermal/ Peearch an¢ c Fil'd Problem Date
Submit'.3d by Durahi/ily JSc//on No. 1 2

Program constants

Lift thickness (4X) 7.60 ft Space interval (X),

Thermal diffusivity (aX) /. ft 2 /day 1/4 Lift thickness = .•7-5 ft
S = 4X2/a = 9. 7665C 2

Project Identification 7 p - S1 _____17__-R 20 25 30-394

_____XX.XX xx.xxxx xx.

Grecrj F&z'rq Dam 0010360012 ?1460 976_6 -_6_

LIFf DATA CARDS

Lift Tc Ta M Lift Tc Ta M Lift Tc Ta M
9-1 17 20 27 30 39 4o 09?- 17 20 27 30 39 40 9-10 17 20 27 3039 4o

SXX.XX XX.XX XX.

01 5000 74/50 20 4C/40 39

02 5000 7720 121 43701 40

03 5000 7850 22 _ ,-.30 41

o4 (O9c,) 7960 23 4150 42

05 _8030 24 _4090 43
o6 8080 25 1-070 _ _ _ -

07 .100 26 4090 4c.

08 ___ 080 27 __4130 __

09 8000 28 -7 1

10 780 _29 43, -

11 7700 _ 0 __"__ _ _ _

12 7400 31 .)

13i_ 7050 32 Key punch operator fillwiased columns of words

•' 14 C 7 70 33 1-4 with zeros forC6 20G•f 34 standard 8-word format.

1600_ - _______ - 30, and 40.

17 550 36 _ _

J _8 520 37 I

1 * 4950 88 8 i_ I__"

WES Form No."•':' 1053
Revised Nov 1959

Fig- 5



HEAT RISE TABLE

SType Cement 75- 25 balrd of Porlland 'no" F/lq ar/A

23 26 37 40 23 26 37 40 23 26 37 40 23 26 37 4037 4037 40 37403 7 40

A ~xxxr..X
0001 00352 0021 0O00 0041 0000 0061 0000 0081 0001,0iai 0000

0002 OO 9 0022 O000 0042 0001 0062 0001 0082 0090 0102 0000

0003 0027 0023 0002 0043 0000 0063 0000 0083 0000 0103 0001

0004 O 4 0024 U001 0044 0001 0064 0001 0084 0000 OlO0 0000

0005 0021 0025 0001 0045 0000 oo65 0000 0085 000/ 0105 0000

"0006 001G 0026 0001 0046 0001/ 0066 0001 j0086 0000 0106 0000

0007 0012 0027 000 f 0047 0000 0067 0000 0087 0000 0107 0000

oo08 0012 0028 0001 0048 0001 0068 0001 0088 0000 0108 0000

0009 00/0 0029 0001 0049 0000 0069 0000 0089 0001 0109 0000

0010 0009 0030 0000 0050 0001 0070 0001 0090 0000 0110 0001

0011 0008 0031 0001 0051 0000 0071 0000 0091 0000 0111 0000

0032 0006 10032 0000 0052 O00f 0072 0001 0092 0000 0112 0000

0013 0006 0033 0001 0053 0000 0073 0000 0093 000/ 0113 0000

0014 0006 0034 0000 0O54 0001 0074 0000 OO94 0000 0114 0000

0015 0005 0035 0001 005 0000 0075 000f 0095 0000 0115 0000

0016 0004 0036 0001 0056 0001 0076 0000 0096 0000 0116 0000

0017 0005 0037 0000 0057 0000 0077 0000 0097 0001 0117 0001

0018 0003 0038 0001 Oo8 00( 0078 0001 0098 0000 O018 0000

0019 000"5 0039 0000 0059 0-00 0079 0000 0099 0000 0119 0900

0020 0002 0040 0001 6 0001 0080 0000 LC,[00 10000 01220 6

Key punch operator
Use load card format below for each card of heat rise Gable above.

Word 1 Word 3 Word 4 Word 7 Word 8
+ + + + +

6o 1954 1957 20 XXXX 6000 00 0000 XXXX 19 0202 195' 31 0002 1953

Words ?, 5, and 6 may be blank

"6,F Fig. 5 (Continyued)
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85I I I I I I i
- _-NOTý A MAXIMUM TEMPERATURE OF 78.6 F OCCURRED AFTER 101.25 DAYS 12.25 DAYS AFTER PLACEMENT

-_• ___ QF THE 12TH LIFT) IN THE 8TH (AND 7TH) LIFT....

WI AT 19. 1.2 DAYS _

l_"ZZ s I _ I __ _ .-

----.-.-.-.- -!- L--.--Ip-' -= , i "- PTEM•P FOR
w 7-5 FOUNDAMIEN TEMPERATURE (SME AS INITIAL AMBIE OF L 4IF F 1ERE F

6 -- .. 7. . .3I -I 1 8 7 4 .0F

•'• AMBIENT TEM•PERA TUR•E DURING EXPOSURE OF LIFT IN DEGREES IF

-3 -2 0 I 2 3 4 5 6 7 8 9 I0 1l 12
LIFT NUMBER

F~g. 6. A prediction for a construction project (Greers Ferry Dam,
, problem 12)

predicted thermal history of th( concrete in Greers Ferry Dam.

V Accuracv

20. The accuracy indicoted for each item of data in paragraph 6 is

satisfactory for a computation. However, before preparations for the

Greers Ferry computations (preceding paragraph) proceeded very far, it be-

came apparent that the accuracy of certain data for repetitious use by the

computer would have to be increasel by several decimal places beyond the

accuracy that had been indicated in brief manual computations and also in

electronic computations for the "check problem" (paragraph 17). The value

of S must be to five significant figures (or six if S _• 10.0000), as

shown in completed Forms 1053 (fig. 5) and 1013 (fig. 1), and other data

should be as shown in these forms. Although it was impracticable to check

a complete problem by manual computation, a satisfactory method of checking

the general accuracy of resalts of a computation was devised and used. The

prucedure wacr as follkws: a finite increment equation, based on the orig-

inal differential equution, 2 ,3 was applied as &hown in fig. 7. In this way
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close approximation checks could be made at any questionable point on a tem-

perature curve. Several discrepancies were isolated by this method, and

necessary adjustments to the program were made. It is believed that

sources of sybtematic error were reduced to a practical minimum.

11 5 ,--,,6.1 25
II 902-1 --- 213.25*i i •..- ____ 0.?5 0.7I0I

80

d6ao A
2 o

1.4-.4 1.71 T aX2  AO = 0.15

% A 0 L
U) 0.00384 F PER DAY,

A T A-• OR 0.257 F DRCP IN
O0 

1
AO 67 DAYS AT ChECK

AxPOIT®Q IN

W 72 -(NO -- AGREEMENT WITHSITHE DIFFERENCE
1.1 .4 13ETWEEN COMPUTED

- -+ / /CURVES.

ILI NOTE SINCE MANUAL COM-
-- 68 -0.3"' PUTATION OVER A

'W 0.44) LONG PERIOD OF

S(7.5)2 ME WAS IPF RACTI.

-'! A=0.00766 F PER DAY. OR CAL. TIE METHOD -
0 Z 0.43 ILUSTRATE'D IN

0.43 F IN 56 DAYS AT THIS FIGURE WAS

CHECK POINT(DNF
64 USED 'ý CHECK THE

4" - AGREEMENT WITH THE ACCURACY OF THE
A DIFFERENCE BETWEEN COMPUTED TEMPERA-

*AGE OF DAM DAYS COMPUTED CURVES. TURE CHNGES.

AFTER PLACEMENT
OF FIRST LIFT). AMBIENT TEMPERATURE DURING -'XPOSURE OF LIFT, IN DEGREES F

60 ___ _ I 66.0 1 67.7 I 69.7 I 73.0 1 76.1 I 77.8 1 79.0 J 80.0 80.7 1 81.0 1 81.0 I
-3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11

LIFT NUMBER

): Fig. 7. Check of accuracy of computed temperature changes

V

Concluding Remarks

21. The cost of electronic computation of temperatures in a dam is

reasonably estimated to be less than one-tenth the cost of manoil computa-

tion. The cost of the electronic computation of temperatu•les at Greers

Ferry Dam was moderate compared with the total cost of the customary

thermal investigations that are made for most suen projects. Mauy of the

expensive thermal tests, such as those for thermal diffusivity and adia-

batic heat rise, have been developed principally because the results of

these tEsts are used in temperature gradient computations; however, because

uf the 2ost, manual temperature gradient computations have not been
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undertaken very extensively in. the past. These thermal properties tests,

which hitherto have had only limited usefulness, provide the data t#at are

needed for a complete thermal analysis, as is ,ell illustrat;•d by the re-

sults of the computations for Greers Feriy D•m.5 It appears at the present

time that no serious cumulative error is involved in the computer program,

and that for comparative purposes temperatures predicted by means of the

electronic computations are entirely valid. It is recommended that 'at

least several basic computations be made for all major projects in the
future.

A

4V r
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